Animals regulate iron metabolism largely through the action of the iron regulatory proteins (IRPs). IRPs modulate mRNA utilization by binding to ironresponsive elements (IRE) in the 5 or 3 untranslated region of mRNAs encoding proteins involved in iron homeostasis or energy production. IRP1 is also the cytosolic isoform of aconitase. The activities of IRP1 are mutually exclusive and are modulated through the assembly͞disassembly of its [4Fe-4S] cluster, reversibly converting it between an IRE-binding protein and cytosolic aconitase. IRP1 is also phosphoregulated by protein kinase C, but the mechanism by which phosphorylation posttranslationally increases IRE binding activity has not been fully defined. To investigate this, Ser-138 (S138), a PKC phosphorylation site, was mutated to phosphomimetic glutamate (S138E), aspartate (S138D), or nonphosphorylatable alanine (S138A). The S138E IRP1 mutant and, to a lesser extent, the S138D IRP1 mutant were impaired in aconitase function in yeast when grown aerobically but not when grown anaerobically. Purified wild-type and mutant IRP1s could be reconstituted to active aconitases anaerobically. However, when exposed to oxygen, the [4Fe-4S] cluster of the S138D and S138E mutants decayed 5-fold and 20-fold faster, respectively, than was observed for wild-type IRP1. Our findings suggest that stability of the Fe-S cluster of IRP1 can be regulated by phosphorylation and reveal a mechanism whereby the balance between the IRE binding and [4Fe-4S] forms of IRP1 can be modulated independently of cellular iron status. Furthermore, our results show that IRP1 can function as an oxygen-modulated posttranscriptional regulator of gene expression.
Iron is required by virtually all organisms and is utilized in a wide array of metabolic functions (1). In spite of its essential nature, iron can also be toxic, catalyzing the generation of damaging free radicals via the Fenton reaction (2). Consequently, organisms have evolved complex mechanisms for regulating iron transport, storage, and utilization (1, 3). In animals, iron metabolism is regulated largely through the action of iron regulatory proteins (IRPs), a small family of sequence-specific RNA binding proteins that regulate the utilization of mRNAs encoding proteins that function in the maintenance of iron homeostasis (4) . IRPs bind to a conserved sequence called the iron-responsive element (IRE; refs. 4 and 5) . IREs are located in either the 5Ј or 3Ј untranslated regions of mRNAs, where they mediate iron-responsive control of translation or mRNA stability, respectively. The role of IREs in modulating mRNA utilization has been characterized best for ferritin and transferrin receptor (TfR) mRNAs (4) . IREs are also present in the mRNAs encoding erythroid-5-aminolevulinate synthase (6, 7) , mitochondrial aconitase (7), succinate dehydrogenase subunit b of Drosophila melanogaster (8) , and a divalent cation transporter, DCT1 (9) . The diverse roles in iron metabolism of some of the proteins encoded by IRE-containing mRNAs indicates that IRPs are central components of a homeostatic network that permits the safe and efficient use of iron in animals.
Iron regulates the activity of IRP1 and IRP2 through fundamentally different mechanisms (4) . High iron levels promote the assembly of a [4Fe-4S] cluster in IRP1, with concomitant loss of IRE binding activity (10, 11) . Cluster assembly activates a second activity in IRP1, that of a cytosolic isoform of aconitase (c-acon; refs. 10 and 12). Regulation of IRP2 activity by iron is through protein degradation, with IRP2 being degraded in response to iron excess (13, 14) . The consequence of these regulatory mechanisms is that IRP1 regulation by iron is reversible in the absence of protein synthesis, whereas IRP2 regulation is not.
The details of how cells regulate cluster assembly͞ disassembly in IRP1 remain undefined. It is clear that cellular iron status is a key component, but a number of observations have suggested that NO ⅐ and oxygen and͞or its metabolites also have an important role in modulating IRP1 function (15) . Exposure of c-acon to oxidants results in conversion of the [4Fe-4S] cluster to a [3Fe-4S] cluster, and excess oxidant generates the apoprotein, which is the form of IRP1 that binds IRE (4, 10) . NO ⅐ and perhaps O 2 . induce destruction of the Fe-S cluster of c-acon and enhance IRE binding activity in mammalian cells (15, 16) . Administration of H 2 O 2 to mammalian cells induces the IRE binding activity of IRP1 (15, 17) , whereas hypoxia causes a decrease in this activity of IRP1, which is reversed by reoxygenation (18) . Is there a role for cluster perturbants such as NO ⅐ and͞or O 2 . in the regulation of IRP1 by iron? Furthermore, can the sensitivity of c-acon to such cluster perturbants be modulated? Elucidating the role of cluster stability in c-acon is central to our complete understanding of the means by which iron and other factors affect the function of IRP1.
Another mode of regulating IRP activity is through phosphorylation (19) (20) (21) . Both IRP1 and IRP2 are phosphorylated by protein kinase C (PKC). IRP1 can be phosphorylated at two sites, Ser-138 (S138) and S711 (19, 20) . Several pieces of evidence lead us to suggest that phosphorylation of IRP1 serves as a means to regulate its IRE binding activity and perhaps its interconversion with c-acon. First, treatment of HL60 cells with phorbol 12-myristate 13-acetate, a potent activator of PKC, stimulated phosphorylation of IRP1 and increased IRE binding activity and TfR mRNA abundance (19, 20) . Second, the two PKC phosphorylation sites appear to be near the entrance to the proposed IRP1 active-site cleft (4, 19) . Third, S138 is within a region of IRP1 required for high-affinity RNA binding (22, 23) . Fourth, the RNA-binding form of IRP1 was a preferred substrate for phosphorylation, showing that PKC-dependent phosphorylation of IRP1 is directed toward the RNA binding form of the protein (21) . These results suggest that phosphorylation is an ironindependent means of modulating the function of IRP1 through directed changes in the formation and͞or function of the Fe-S cluster.
We provide evidence here that phosphorylation of IRP1 at S138 selectively affects its aconitase function by destabilizing the [4Fe-4S] cluster. Substitution of phosphomimetic amino acids for serine at position 138 causes enhanced susceptibility of the [4Fe-4S] cluster of IRP1 to attack by oxygen. We propose that phosphorylation of IRP1 at S138 renders its Fe-S cluster more susceptible to perturbants such as oxygen, H 2 O 2 , NO ⅐ , and O 2 . , or to other mechanisms that affect the kinetics of cluster assembly͞disassembly, and therefore represents an iron-independent means of modulating iron metabolism. This mechanism of regulating IRP1 function illustrates its potential as an oxygen-modulated posttranscriptional regulator of gene expression.
MATERIALS AND METHODS
Strains and Culture Conditions. Strain 0615d (a, ura3-52, trp1⌬63, his3⌬200, aco1, ade2) was used for all analysis of IRP1 aconitase function in vivo and was maintained on yeast extract͞ peptone͞dextrose medium, or, when transformed with plasmids expressing IRP1, grown in synthetic complete medium lacking uracil and supplemented with 2% dextrose (SD-Ura; ref. 24) . All yeast cultures were grown at 30°C. When yeast were grown anaerobically, the solid media were supplemented with 20 g͞ml ergosterol and 0.2% Tween 80 (25) . The growth results shown are representative of results obtained with at least three transformants with each IRP1 mutant or wild-type (wt) gene.
Site-Directed Mutagenesis. Mutagenesis of IRP1 was performed by the two-step PCR method (26) . The pSP71 vector (Promega) was modified by insertion of a linker containing a DraIII site. The linker was inserted into the HindIII and XhoI sites of pSP71. A ClaI͞DraIII fragment of the rabbit IRP1 cDNA (27) was cloned into the modified pSP71 vector. The first-step reactions (PCR I) were performed by using the SP6 primer along with one of the following mutagenic oligonucleotides that replaced Ser-138: Glu (TCTGTAATTCGTCAGC-CCT), Asp (TCTGTAAATCGTCAGCCCT), or Ala (TCT-GTAAAGCGTCAGCCCT). A 30-bp fragment containing the mutation of interest was then amplified by using PCR. PCR I reactions contained 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 20 mM Tris (pH 8.8), 2 mM MgSO 4 , 0.1% Triton X-100, 200 M each dNTP, 2 M each oligonucleotide, 1 ng of template DNA, and 2 units of Vent DNA polymerase (New England Biolabs) in a 50-l final volume. PCR I reactions were amplified by using a 1-min denaturation at 94°C, a 2-min annealing at 40°C, a 2-min ramp to 72°C, and a 2-min of extension at 72°C. Forty cycles of amplification were performed. The 30-bp fragment produced in PCR I was used as a ''megaprimer'' for PCR reaction II. PCR II reactions consisted of 50 l of PCR I plus 50 l of reaction mixture similar to PCR I but containing 2 M T7 primer and no additional template DNA. Amplification was performed as indicated for PCR I. After completion of the second round of amplification, the PCR II reactions were extracted with phenol͞chloroform and precipitated with ethanol. A portion of the PCR II reaction was digested with ClaI and DraIII, purified by using agarose gel electrophoresis and Gene Clean (Bio 101), and subcloned into the ClaI and DraIII sites of the rabbit IRP1 cDNA. All mutagenesis reactions were confirmed by sequencing of the entire ClaI͞DraIII fragment.
Enzyme and Protein Analysis. Aconitase assays (1 ml) were performed by using 20 l of yeast cytoplasmic extracts as described (28) . Extracts were prepared from cells grown in SD-ura medium to mid-logarithmic phase. Cells were washed, resuspended in buffer [50 mM Tris⅐HCl, pH 8.0͞50 mM KCl͞2 mM citrate͞10% glycerol͞7 mM 2-mercaptoethanol͞1 mM phenylmethylsulfonyl fluoride (PMSF)], and broken by repeated vortexing in the presence of 0.5-mm glass beads. Cell debris and unbroken cells were removed by centrifugation (16,000 ϫ g for 5 min). Protein concentrations in cell extracts were determined spectrophotometrically (29) .
His-tagged IRP1 was overexpressed in and purified from yeast as described (30) . The yield of purified IRP1 was determined from amino acid analysis performed on each preparation. Reconstitution of the Fe-S cluster in purified IRP1 protein samples in the presence of Fe 2ϩ , DTT, cysteine, and NifS was performed as described (31) . Enzyme activities were measured after anaerobic incubation at room temperature for Ն18 hr. The concentration of the resulting aconitase was calculated based on an activity of 3 units͞nmol for the pure protein (28) . EPR spectra of reconstituted IRP1 were recorded at 10-20 K on an X-band Varian E112 century series spectrometer as described in ref. 10 . IRE binding analysis on purified IRP1 protein samples was performed by using internally labeled rat L-chain ferritin IRE as described (20) .
RESULTS
The S138E Mutant of IRP1 Fails to Function Efficiently as an Aconitase in Aerobically Grown Yeast. To investigate the effect of phosphorylation on IRP1 function, S138 was mutated to the phosphomimetic amino acids aspartate (S138D) or glutamate (S138E) or to nonphosphorylatable alanine (S138A), and the resulting IRP1s were analyzed for function after expression in aconitase-deficient (aco1) yeast, which are glutamate auxotrophs (32) . We have found that IRP1 expressed from an ADH1 promoter can complement this trait in a dose-dependent manner, allowing them to grow in the absence of glutamate (R. Ma, J. Narahari, and W.E.W., unpublished observations). Expression of wt IRP1 permitted aco1 strain 0615d to grow nearly as well on media lacking glutamate as it did on glutamate-supplemented media (Fig.  1a) . The S138A IRP1 mutant supported aconitase-dependent growth as well as wt IRP1 (Fig. 1a , WT and S138A in columns 7 and 8). Thus, the wt and S138A versions of IRP1 provided sufficient aconitase activity for glutamate biosynthesis in this strain. Yeast transformed with the S138D mutant grew well without glutamate but not as well as yeast expressing wt or S138A IRP1, suggesting that S138D mildly reduced aconitase activity in vivo (Fig. 1a) . In contrast, yeast expressing the S138E IRP1 mutant grew very poorly on media lacking glutamate, indicating that the aconitase function of this mutant was significantly impaired in vivo under these growth conditions (Fig. 1a) .
Enhancement of in Vivo Aconitase Function of the S138E IRP1 Mutant by Anaerobiosis. Because the Fe-S cluster of aconitases is sensitive to oxygen (16, (33) (34) (35) , we investigated whether anaerobiosis influenced the aconitase activity of the wt and mutant versions of IRP1 expressed in aco1 yeast. Yeast expressing the wt IRP1 or the S138A mutant grew essentially the same with or without glutamate irrespective of the presence or absence of oxygen (compare Fig. 1 a and b) . Yeast expressing the S138D mutant IRP1 also grew vigorously in anaerobic conditions in the absence of glutamate. Most strikingly, growth of yeast expressing the S138E mutant was substantially enhanced by anaerobiosis to a level equivalent to that seen for the wt IRP1-expressing yeast (Fig. 1b) . The inability of nontransformed yeast to grow on media lacking glutamate was not reversed by anaerobiosis, indicating that the effect depended on IRP1 aconitase function (Fig. 1) . Collectively, our results suggest that oxygen and͞or its metabolites causes inactivation of the aconitase function of the S138E IRP1 mutant in cells growing aerobically, perhaps by causing disassembly of the [4Fe-4S] cluster in vivo.
Absence of Aconitase Activity in Aerobically Prepared Cytoplasmic Extracts of Yeast Expressing Phosphomimetic IRP1 Mutants. We determined the aconitase activity in aerobically prepared extracts from aco1 yeast expressing wt or S138 mutant versions of IRP1 to examine the relationship between aconitase activity in vitro and cell growth in media lacking glutamate. Extracts of nontransformed yeast gave a background activity of 0.8 milliunits͞mg (Fig. 2) . Aconitase activity nearly 40-fold above background (30.8 Ϯ 4.4 milliunits͞mg) was detected in extracts of yeast transformed with wt IRP1. A similar level of aconitase activity was observed in extracts of yeast expressing the S138A mutant (26.1 Ϯ 1.7 milliunits͞mg). The relative activity found for the S138A mutant and wt IRP1 is consistent with the ability of these IRP1s to support similar growth rates in glutamate-free media (Fig. 1) . In contrast, extracts from yeast expressing the S138D mutant displayed aconitase activity (2.1 Ϯ 0.5 milliunits͞mg) that was only 7% of that found in extracts of yeast expressing wt IRP1, whereas extracts from yeast expressing the S138E mutant had aconitase activity no different than background (0.6 Ϯ 0.3 milliunits͞mg; Fig. 2 ). Note that all IRP1s were expressed to a similar level in the yeast (results not shown). Interestingly, reduction in measurable aconitase activity from wt IRP1 to a level comparable to that measured in vitro for the S138D IRP1 mutant (obtained by lowering wt IRP1 expression in vivo) significantly impairs the growth of this aco1 strain in glutamate-free media (J. Narahari and W.E.W., unpublished results), whereas this strain expressing the S138D mutant IRP1 grew nearly as well as when expressing wt IRP1 (Fig. 1) . In addition, extracts of yeast expressing the S138E mutant exhibited no aconitase activity over background levels, but yeast expressing this IRP1 mutant exhibited limited aerobic growth and vigorous anaerobic growth on glutamate-free media. In contrast, the nontransformed aco1 yeast failed to grow without glutamate supplementation under any condition (Fig. 1) . We conclude that both the S138D and the S138E IRP1 mutants were active aconitases in the intact yeast cell, but had lost most of this activity during extract preparation.
Activation of Aconitase Function in Phosphomimetic IRP1 Mutants upon Anaerobic Reconstitution of the Fe-S Cluster.
To gain further insight into the effect of mutation of S138 on the aconitase function of IRP1, we reconstituted the Fe-S cluster in purified wt or S138 mutant versions of IRP1 anaerobically and determined their aconitase activity. wt IRP1 yielded an average specific activity of 19.8 Ϯ 3.5 units͞mg protein after reconstitution (Table 1) . A similar level of activity was reconstituted in the S138A and S138D mutant IRP1s, and substantial aconitase activity was reconstituted in the S138E IRP1, although it was routinely about 40% lower than wt IRP1 (Table 1 ). These results demonstrate that IRP1 containing phosphomimetic substitutions at residue 138 could function as an aconitase upon reconstitution of the [4Fe-4S] cluster under anaerobic conditions in vitro. Although the S138E mutation did result in a reduction in the aconitase activity measured for the mutant IRP1 after reconstitution, it is important to note that this mutation did not ablate IRP1's aconitase function. Therefore, the differences in relative aconitase activity measured in cytoplasmic extracts of aco1 yeast expressing these mutant IRP1s (Fig. 2) was caused by differences in the   FIG. 1 . Rescue of aco1 yeast from glutamate auxotrophy by expression of S138 IRP1 mutants. Yeast expressing either wild type (WT) or S138 (S138A, S138D, or S138E) IRP1 mutants were grown overnight in SD-Ura, washed twice with sterile H2O, and suspended into SD-Ura lacking glutamate. Nontransformed yeast (0615d) were grown in SD supplemented with uracil. Ten microliters containing between 2 ϫ 10 5 and 2 ϫ 10 2 yeast cells were spotted onto agar plates containing SD supplemented with uracil with or without glutamate as indicated. Growth after 4 days is shown. Columns 1 and 5, 2 ϫ 10 5 cells; columns 2 and 6, 2 ϫ 10 4 cells; columns 3 and 7, 2 ϫ 10 3 cells; columns 4 and 8, 2 ϫ 10 2 cells. (a) Aerobic growth. (b) Effect of anaerobiosis on growth of aco1 yeast expressing S138 IRP1 mutants on glutamatefree media. Growth analysis was performed as described above except that plates were incubated in an anaerobic chamber. proportion of the IRP1s that had a [4Fe-4S] cluster. The reason for this is likely a difference in cluster stability during extract preparation, but could also reflect differences in cluster stability and͞or assembly in the intact cell. Instability of the Fe-S Cluster of the S138D and S138E IRP1 Mutants. The characteristics of the IRP1 mutants containing phosphomimetic substitutions for S138 suggest that the [4Fe-4S] cluster of these proteins is more sensitive to oxygen and other cluster perturbants, than is the wt protein. To investigate this, purified IRP1 mutants were reconstituted anaerobically and exposed to air-saturated buffer as a source of oxygen. Enzyme activity was monitored over time as a measure of the presence of the [4Fe-4S] cluster. Wild-type IRP1 and the S138A mutant were similarly stable to this treatment, displaying a half-life for enzyme activity of Ϸ100 min and 90 min, respectively (Fig. 3) . The aconitase activity of the S138D mutant decayed 5-fold faster than wt IRP1. Even more striking was the S138E mutant, whose aconitase activity decayed with a half-life of 4 min, or more than 20-fold faster than wt IRP1 (Fig. 3 ). These results demonstrate that the stability in the presence of oxygen of the [4Fe-4S] cluster of IRP1 mutants containing phosphomimetic substitutions for S138 was very much reduced and are consistent with the view that phosphorylation of S138 decreases the stability of the [4Fe-4S] cluster of IRP1 in vivo.
To examine the effect of oxidation on the Fe-S cluster in the wt and mutant IRP1s, each was reconstituted anaerobically, exposed to air-saturated buffer, and analyzed by EPR spectroscopy. Oxidation of aconitases results in conversion of the [4Fe-4S] cluster to a [3Fe-4S] cluster, and excess oxidant can cause complete cluster removal (16, (33) (34) (35) . Typical spectra for the [3Fe-4S] cluster of c-acon were obtained for both the wt and S138A IRP1s upon air oxidation (ref. 10 ; results not shown). Similar analysis of the S138D mutant also yielded spectra for the [3Fe-4S] cluster. However, the intensity of the signal obtained was less than 20% that observed for wt IRP1 when corrections for differences in protein concentration were made. No [3Fe-4S] spectra were obtained for the S138E mutant. Similar results were obtained with ferricyanide oxidation of the reconstituted IRP1s (results not shown). The reduction in the intensity of the EPR signal for the S138D mutant and the absence of a signal for the S138E mutant indicate that there had been significant loss of both the [4Fe-4S] and the [3Fe-4S] forms of the Fe-S cluster from the phosphomimetic mutants of IRP1 upon oxygen or ferricyanide oxidation. In contrast, much less cluster loss occurred from the wt or S138A IRP1s. These results lend support to the view that IRP1 has the capacity to serve as a biosensor of oxygen.
Lack of an Effect on IRE Binding of Mutations at S138 of IRP1. To determine whether mutation of S138 had a direct effect on IRE binding, quantitative IRE-binding analysis was performed. The wt and mutant IRP1s were overexpressed in and purified from yeast, and the pure apoprotein was analyzed for IRE-binding affinity. Wild-type IRP1 bound a rat L-ferritin IRE with a K D of 61 Ϯ 19 pM (Table 1) . This was within the range of the affinities previously reported for native IRP1 (36) (37) (38) . The binding affinity obtained for each of the IRP1 mutants was in the range of the affinity for native IRP1 for this IRE as well (Table 1) . Thus, these mutations of S138 do not negatively affect the IRP1-IRE interaction. This is similar to the effect of inducing phosphorylation of IRP1 by PKC in HL60 cells, where total IRE binding is increased but its affinity is unaffected (20) .
DISCUSSION
The readiness with which cluster assembly͞disassembly occurs in IRP1 in vivo makes it unusual among iron-sulfur proteins. Cluster disassembly occurs under iron-limiting conditions in animal cells, although the molecular mechanism by which this occurs is not at all understood. The data presented here suggest a mechanism for regulating Fe-S cluster turnover and the interconversion of IRP1 and c-acon through phosphorylation of S138. Our results show that substitution of either Asp or Glu, which can mimic the charge and͞or size effect of phosphorylation, for S138 results in a marked instability of the Fe-S cluster in c-acon, particularly in the presence of oxygen. It is well established that the [4Fe-4S] cluster in aconitases are particularly sensitive to oxygen and other perturbants (16, (33) (34) (35) . In fact, results from other studies have suggested a role for reactive oxygen intermediates in the disassembly of the [4Fe-4S] cluster of IRP1 (4, 15) . In the model proposed here, phosphorylation of IRP1 at S138 greatly enhances the rate of Fe-S cluster disassembly, thus favoring the accumulation of the RNA-binding form of IRP1. This accumulation would lead to an increase in total IRE binding activity in the absence of a change in iron availability, and thus is an iron-independent mode of regulating IRP1 function. Physiologically, this regulation could be important when cells need to alter the uptake and͞or metabolic fate of iron. This situation could occur during monocytic or erythropoietic differentiation and cell proliferation. These circumstances require increased levels of cellular iron concomitant with an increase in IRE binding activity needed for the accumulation of TfR mRNA (39) (40) (41) (42) (43) . The ability to differentially regulate IRP activity independently of cellular iron status is crucial to the normal progression of such processes. A tissue-specific pattern of IRP1 phosphorylation in conjunction with differential expression of   FIG. 3 . Half-life of aconitase activity of S138 IRP1 mutants upon exposure to oxygen. IRP1 mutants were overexpressed and purified from yeast and subjected to in vitro cluster reconstitution anaerobically. Aconitase activity was measured at various times after diluting the reconstituted protein into air-saturated buffer. The half-life (t1/2) of aconitase activity for each IRP1 mutant is indicated in the inset. The various IRP1 mutants were purified from yeast and subjected to anaerobic Fe-S cluster reconstitution followed by aconitase assay, or the apoprotein was analyzed for IRE-binding ability. Reconstitution and analysis of aconitase activity was performed on a minimum of three independent preparations of each mutant IRP1. Saturation curves to determine the affinity of IRP1-IRE interaction were done a minimum of four times representing at least two independent experiments for each mutant IRP1. Values shown are Ϯ SD.
IRP1 and IRP2 could have profound consequences for organismal iron homeostasis. To our knowledge, such an effect of phosphorylation on the stability of the Fe-S cluster in IRP1 where phosphorylation regulates the stability of a metal cluster has not been observed previously.
Clearly, our results also point to IRP1 serving a role as a biosensor of oxygen. Other investigators have proposed that IRP1 could be regulated by oxidative stress through an indirect mechanism (15, 18) . An important distinction with our model is that we propose that IRP1 is a direct target for oxygenmediated cluster disassembly. This is analogous to the prokaryotic transcription factors FNR and SoxR, where oxygen and O 2 . , respectively, regulate the activity of these proteins through a direct effect on their Fe-S cluster (44) (45) (46) (47) . For IRP1, the phosphorylated protein would have an enhanced responsiveness to physiological and pathological fluctuations in oxygen and͞or oxygen metabolites, providing an additional level of regulation by kinases. Such a regulatory mechanism could have important consequences in certain pathophysiological processes such as in cells of the reticuloendothelial system during the inflammatory response and in ischemia reperfusion injury, where iron in the presence of oxygen is thought to be cytotoxic (18, 48) . Finally, a provocative notion is that IREs exist in the mRNAs of oxygen-regulated genes and that these mRNAs would be preferentially regulated by IRP1. Aconitase-deficient yeast can use the aconitase activity of IRP1 to generate precursors for glutamate biosynthesis and thus are able to grow on glutamate-free media with IRP1 protein as the sole source of aconitase activity. Phosphomimetic amino acid substitution for S138 of IRP1 makes the [4Fe-4S] cluster in c-acon unstable such that the normal production of cluster perturbants, such as superoxides (49, 50) , causes disruption of the [4Fe-4S] cluster. This impairs aconitase function in vivo and limits growth of aco1 yeast expressing these mutant IRP1s in the absence of glutamate. This phenotype was most severe when glutamate was substituted for S138, though aspartate substitution caused enhanced oxygenmediated decay of aconitase activity as well. Several other aco1 yeast strains showed growth defects on glutamate-free media when transformed with the S138D IRP1 mutant, indicating that the instability of the Fe-S cluster of this mutant could have strong detrimental effects in vivo as well (results not shown). The detrimental effect of the S138E mutation on the aconitase function of IRP1 could be suppressed in vivo by growth of yeast under anaerobic conditions. This effect of anaerobiosis on the aco1 yeast expressing the S138E IRP1 mutant is reminiscent of sod1 yeast, which display several amino acid auxotrophies when grown aerobically that can be suppressed by anaerobic growth (50, 51) . The auxotrophies of sod1 yeast are thought to result from superoxide-mediated destruction of Fe-S clusters in key enzymes of the affected amino acid biosynthetic pathways (49, 52, 53) . These observations raise the question as to whether normal production of reactive oxygen intermediates and other cluster perturbants in animal cells is an important component in the regulation of IRP1 function and therefore iron metabolism. If such is the case, then defects in oxygen regulation, for instance in amyotrophic lateral sclerosis (49, 54) , would not only lead to an increase of potentially toxic reactive oxygen intermediates but would also alter iron regulation, which could exacerbate the condition.
The molecular basis for the instability effects of Glu and Asp substitution for S138 on the Fe-S cluster of IRP1 is not clear. When modeled on the mitochondrial aconitase structure, S138 of IRP1 is not predicted to be near the Fe-S cluster, nor would it be expected to lie within the enzyme active site (55, 56) . S138 is predicted to lie near the entrance to the active-site cleft, however (4, 19, 56) . This then suggests that phosphorylation of S138 may affect Fe-S cluster stability indirectly, perhaps by distorting the active-site cleft. The fact that aconitase activity can be reconstituted under anaerobic conditions in vitro in all of the mutant IRP1s argues that this distortion is not sufficient to ablate enzymatic activity. For the S138E mutant, there was a reduction in the amount of activity that could be reconstituted in vitro. However, at this time we cannot distinguish between an effect of this mutation on enzymatic function or strictly on Fe-S cluster stability. The very rapid decay of the aconitase activity in this mutant upon exposure to oxygen and the enhancement of in vivo activity under anaerobic conditions suggests that the major effect of this mutation is on [4Fe-4S] cluster stability.
It is likely that phosphorylation at S138 causes only a local conformational change in IRP1, which is incompatible with maintaining a stable Fe-S cluster. This is suggested by the observation that neither Glu nor Asp substitution for S138 had an effect on IRE binding. It has been proposed that IRP1 can adopt one of two conformations, one allowing high-affinity IRE binding and the second allowing accommodation of an Fe-S cluster (21) . Assembly of an Fe-S cluster converts the protein to the aconitase form and inhibits IRE binding. An interesting possibility is that phosphorylation of S138 favors the IRE binding conformation of IRP1, which is incompatible with a stable cluster and the aconitase form. This would suggest that S138 resides in a region of the protein in which a conformational change accompanies the assembly͞disassem-bly of the Fe-S cluster. Although there is no direct evidence for this, Schalinske et al. (21) have observed that reactivity of a major chymotrypsin cleavage site adjacent to S138 is substantially reduced by the presence of an Fe-S cluster in IRP1.
The fact that none of the substitutions for S138 had an effect on binding to a ferritin IRE was surprising because S138 lies within a region of IRP1 that is in contact with the IRE when bound (22, 23) . This suggests that S138 is not itself a critical residue for IRE binding and that its side chain most likely points away from the IRE binding pocket. This view is supported by the finding that the increased size of the side chains of Glu and Asp in comparison to Ser at position 138 had no effect on IRE binding. On the other hand, S138 could reside within a flexible region on IRP1 such that a variety of amino acids can be accommodated for IRE binding. In either case, S138 does not itself appear to be an important residue for IRE recognition or binding affinity in IRP1 even though it has a profound effect on the stability of its Fe-S cluster.
Regulation of IRP1 by iron is a well established phenomenon. This study provides insights into a mechanism for the control of IRP1 function and suggests that PKC and͞or other kinases that phosphorylate S138 may also play a role in iron homeostasis through their effects on IRP1. Previous studies have implicated phosphorylation of IRPs as a mode of inducing IRE binding activity (18) (19) (20) 57) . Our observations illustrate how phosphorylation could cause this effect by affecting Fe-S cluster stability. The effect of anaerobiosis on the activity of the S138E mutant IRP1 in vivo suggests that constitutive and inducible production of reactive oxygen intermediates normally plays a pivotal role in the disassembly of the Fe-S cluster in IRP1 in animal cells. 
